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SUMMARY 



Tuberculosis is an important health concern for Asian elephant (Elephas maximus) populations world- 
wide, however, mechanisms underlying susceptibility to Mycobacterium tuberculosis are unknown. 
Proliferative responses assessed via brominated uridine incorporation and cytokine expression measured 
by real-time RT-PCR were evaluated in peripheral blood mononuclear cell (PBMC) cultures from 8 
tuberculosis negative and 8 positive Asian elephants. Cultures were stimulated with Mycobacterium bovis 
purified protein derivative (PPD-B), M. tuberculosis culture filtrate protein (CFP)-IO, and Mycobacterium 
avium PPD (PPD-A). Following stimulation with PPD-B, proliferation was higher (a = 0.005) in positive 
samples; no significant differences were detected following CFP-10 or PPD-A stimulation. Tumor necrosis 
factor (TNF)-a, interleukin (IL)-12, and interferon (IFN)-y expression was greater in samples from positive 
elephants following stimulation with PPD-B (a = 0.025) and CFP-10 (a = 0.025 TNF-a and IL-12; 
a = 0.005 IFN-y). Stimulation with PPD-A also produced enhanced IL-12 expression in positive sam- 
ples (a = 0.025). Findings suggested that differences in immune cell function exist between tuberculosis 
positive and negative elephants. Proliferative responses and expression of TNF-a, IL-12, and IFN-y in 
response to stimulation with PPD-B and CFP-10 differ between tuberculosis positive and negative ele- 
phants, suggesting these parameters may be important to tuberculosis immunopathogenesis in this 
species. 

© 2014 Elsevier Ltd. All rights reserved. 



1. Introduction 

Tuberculosis is an important health concern for elephant pop- 
ulations worldwide. The disease most commonly affects Asian el- 
ephants {Elephas maximus), and the majority of cases are due to 
Mycobacterium tuberculosis, the cause of human tuberculosis [1-4]. 
Since 1994, more than 50 culture confirmed cases of tuberculosis 
have been documented in U.S. captive elephants [2]. Recent studies 
have also reported confirmed cases and increased seroprevalance 
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in populations of domesticated Asian elephants in range countries 
[5,6]. Elephant infections are typically chronic and subclinical; 
consequently diagnosis of infected individuals is challenging [1 — 
3,7]. The current gold standard test, trunk wash mycobacterial 
culture, is insensitive [1,2,8,9]. Newer serologic tests have been 
developed and are recommended for screening. These tests have 
improved sensitivity and good specificity, however, validation is 
on-going [1,8-11 ]. In addition to individual animal and herd health 
concerns, elephant mycobacterial infection has significant public 
health implications. Throughout the world, captive elephants 
interact closely with human handlers for work and exhibition 
providing opportunity for exposure and potential zoonotic and/or 
anthropozoonotic transmission of disease [1,3,12,13]. The threat of 
disease transmission also extends to wild populations of elephants. 
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Though infection has not been documented in wild elephants to 
date, captive working elephants in range countries frequently 
mingle with free-ranging elephants providing opportunity for 
disease transmission [1]. Public health vigilance and effective 
conservation of this endangered species require a better under- 
standing of tuberculosis pathogenesis. 

Unfortunately, the mechanisms underlying tuberculosis sus- 
ceptibility in elephants are unknown, and information regarding 
elephant immune function is scarce [14-17]. In humans and other 
studied species, disturbances in the normal balance between cell- 
mediated (T H 1) and humoral (T H 2) immune responses are central 
to tuberculosis pathogenesis [18-28]. Evaluation of systemic im- 
mune responses in humans via measurement of cytokines has 
shown that inadequate T H 1 responses are a feature of active disease 
[19,27,29-34]. Considering altered immune responses to tubercu- 
losis are instrumental in determining disease susceptibility and 
influencing pathogenesis in humans, it is plausible that immune 
function alterations may similarly contribute to Asian elephant 
tuberculosis susceptibility. 

In a previous study, mRNA levels of several ThI and Th2 cyto- 
kines significant in the pathogenesis of human tuberculosis were 
measured in peripheral whole blood samples from 106 (15% 
tuberculosis seropositive) Asian elephants using elephant-specific, 
real time RT-PCR assays [15]. Cytokine levels were measured in the 
absence of any mitogenic or antigenic stimulation. Though signif- 
icant differences in levels of examined cytokines were not detected, 
the data illustrated some trends in cytokine expression between 
the two groups that warranted further investigation. Consequently, 
the current study was undertaken to measure proliferative re- 
sponses and cytokine mRNA expression in peripheral blood 
mononuclear cell (PBMC) cultures from 8 tuberculosis negative and 
8 tuberculosis positive North America-based Asian elephants 
following stimulation with mycobacterial antigens. 



2. Materials and methods 

2.1. Animals/sample collection 

Samples were collected from 16 captive, North America-based, 
Asian elephants. For the purposes of this study, positive cases 
were designated as elephants with M. tuberculosis positive trunk 
wash cultures and/or sero reactivity to both the Elephant TB STAT 
PAK® screening test (Chembio, Medford, NY) and multiple antigen 
print immunoassay (MAPIA). Negative cases were those with no 
history of positive trunk wash culture or serology and no history of 
exposure to a known positive elephant. All study animals were zoo 
or retired performance elephants accustomed to human handlers 
and trained to cooperate voluntarily with routine veterinary ex- 
aminations and procedures. Using minimal manual restraint, a total 
of 20 ml of peripheral whole blood was collected from the ear vein 
of each animal into collection tubes containing heparin sulfate (BD 
Biosciences, San Jose, CA). All samples were received for processing 
at the laboratory within 24 h of collection. In addition to blood 
samples, information regarding age, sex, current medical treat- 
ments and pertinent chronic inflammatory conditions was ob- 
tained for each of the study animals. Prior to experiments utilizing 
samples from the 16 study animals, preliminary experiments were 
conducted using samples from 2, tuberculosis negative Asian ele- 
phants to determine optimal parameters for culture of elephant 
PBMCs. Variables evaluated included: cell culture medium 
composition, concentration of viable PBMCs/ml, mitogen and an- 
tigen concentration for stimulation and incubation times following 
mitogen and antigen exposure [35]. Results of these preliminary 
experiments were used to determine the optimal parameters for 



culture and stimulation of elephant PBMCs utilized in the current 
study. 

2.2. Isolation of PBMCs 

Upon receipt, whole blood smears were examined via light 
microscopy to determine the relative proportions of monocytes and 
lymphocytes in each sample. Peripheral blood mononuclear cells 
were isolated from whole blood samples using density gradient 
centrifugation. From each sample, 15 ml of room temperature 
heparinized whole blood were diluted with 33 ml of room tem- 
perature Hank's Balanced Salt Solution (HBSS; Fisher Scientific, 
Pittsburgh, PA). The diluted sample was divided into six equal 8 ml 
aliquots, and each aliquot was carefully layered over 4 ml of room 
temperature Ficoll-Paque™ Plus, density 1.077 ± 0.001 g/ml (GE 
Healthcare, Uppsala, Sweden) in 15 ml sterile, plastic conical vials. 
Separation was achieved through centrifugation at 400 RCF for 
30 min. Following centrifugation, the superficial buffer and plasma 
layers were removed from each vial via aspiration without dis- 
turbing the mononuclear cell layer interface. Next, the mono- 
nuclear cell layer was removed via aspiration and transferred to a 
new 15 ml vial. Mononuclear cells were washed with HBSS; indi- 
vidual aliquots from each sample were recombined and suspended 
in 37 °C cell culture medium. Cell culture medium consisted of 
RPMI 1640 medium with HEPES and L-glutamine (HyClone; Thermo 
Scientific, Waltham, MA) supplemented with 10% heat inactivated 
fetal calf serum (MP Biomedicals, Solon, OH), 1% 100 mM sodium 
pyruvate (Invitrogen, Carlsbad, CA), 1%, 10 mM minimal essential 
medium (Sigma-Aldrich, St. Louis, MO), 1% 5000 U penicillin/ 
5000 Fg/ml streptomycin (Invitrogen), 0.1% 10 mg/ml gentamycin 
sulfate (Invitrogen) and 3.66 x 10 _4 % beta mercaptoethanol 
(2 x 10~ 5 M; Fisher Scientific). Mononuclear cell viability was 
assessed directly in a 100 (il aliquot of each sample through eval- 
uation of trypan blue dye (Sigma-Aldrich) retention (viable cells 
are able to pump dye out excluding the stain; nonviable cells retain 
stain). Each sample was then diluted with cell culture medium to a 
final concentration of 1 x 10 6 viable cells/ml. 

2.3. Proliferation assays 

For each sample, 100 |il aliquots (1 x 10 5 viable cells), in tripli- 
cate, were plated onto 96 well, clear plastic, flat bottom culture 
plates (Falcon® 3872 Primaria®; Becton Dickinson, Lincoln Park, NJ). 
Samples were incubated for 5 days at 37 °C, 5% CO2 in the presence 
of 20 |ig/ml Mycobacterium bovis purified protein derivative (PPD- 
B; Prionics, Zurich, Switzerland), 20 |ig/ml M. tuberculosis culture 
filtrate protein (CFP)-IO (BEI Resources, Manassas, VA), and 20 (ig/ 
ml Mycobacterium avium PPD (PPD-A; Prionics). Unstimulated 
sample aliquots and cell-free medium controls were included to 
serve as negative controls. Aliquots cultured in the presence of 6 (ig/ 
ml concanavalin A (ConA; Sigma-Aldrich) were included as posi- 
tive controls. Following the 5-day incubation, proliferating cells 
were distinguished and quantified via brominated uridine (BrdU) 
incorporation using a commercially available cell proliferation 5- 
bromo-2'deoxyuridine ELISA kit (Roche Diagnostics Corporation; 
Indianapolis, IN) according to manufacturer's instructions. Colori- 
metric reactions were assessed via spectrophotometry at 
20 min post addition of kit substrate (SPECTRAmax PLUS; Molec- 
ular Devices, Sunnyvale, CA) and analyzed using SOFTmaxPRO 
software (Version 3.1.1; Molecular Devices). Absorbance values 
obtained via spectrophotometry for each sample triplicate were 
averaged to produce a single representative value. Any sample in 
which triplicate values varied more than one standard deviation 
from the mean were rejected and reanalyzed. Then, absorbance 
values for stimulated sample aliquots were divided by absorbance 
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values for the unstimulated sample aliquots to determine the 
stimulation index for each sample. Differences in stimulation 
indices between positive and negative samples were evaluated for 
statistical significance with Mann-Whitney U tests. 

2.4. Quantification of cytokine expression 

2 A A. Culture and RNA extraction 

For each sample, 100 |il aliquots (1 x 10 5 viable cells), in tripli- 
cate, were plated onto a second 96 well, clear plastic, flat bottom 
culture plate for quantification of cytokine mRNA levels. Samples 
were incubated for 2 days at 37 °C, 5% CO2 in the presence of 20 |ig/ 
ml PPD-B (Prionics), 20 ng/ml CFP-10 (BEI Resources), and 20 |ig/ml 
PPD-A (Prionics). Negative and positive controls were also included 
as described for proliferation assays above. Following incubation, 
each culture triplicate was combined and transferred to a micro- 
centrifuge tube. Samples were pelleted at 18,000 RCF for 5 min. 
Supernatant was discarded and RNA was extracted from cell pellets 
using a commercially available kit (RiboPure; Ambion, Austin, TX) 
according to manufacturer's instructions. Concentration of extrac- 
ted RNA was measured using a NanoDrop™ 2000 spectrophotom- 
eter (Fisher Scientific). To synthesize cDNA for use in real time PCR 
assays, 10 ng of RNA were reverse transcribed per sample in a 90-|il 
reaction using a commercially available kit (iScript cDNA synthesis 
kit; Bio-Rad, Hercules, CA). 

2.4.2. Real time RT-PCR assays 

Quantitative, real time RT-PCR assays previously developed and 
validated for specific use in elephant samples were utilized to 
measure mRNA levels of tumor necrosis factor (TNF)-oc and trans- 
forming growth factor (TGF)-p [16]. Levels of interferon (IFN)-y and 
interleukin (IL)-12 were measured using newly developed and 
validated, elephant-specific assays with increased sensitivity 
(Table 1 ). All real time PCR reactions were run in a simplex format in 
triplicate and contained Taqman® Gene Expression Master Mix 
(Applied Biosystems, Foster City, CA), 250 nmol probe, 900 nmol of 
both forward and reverse primers, and RNAse-free water to a final 
reaction volume of 25 jil. Reactions also included a commercially 
available exogenous, non-template, internal control (Taqman® 
Exogenous Internal Control; Applied Biosystems) to confirm PCR 
amplification and detect potential amplification inhibitors within 
samples. Real time RT-PCR assays were performed as previously 
described [15,16]. In addition to negative controls, each plate 
included cytokine-specific standards (diluted elephant PCR product, 
1:1 x 10 6 and 1:1 x 10 8 ) used to monitor and control for interassay 
variation. Amplification products of sample replicates were evalu- 
ated for consistency; variation among each sample's replicate 
threshold amplification (Ct) values used in later quantitative calcu- 
lations was less than one standard deviation from the mean. 

2.4.3. Housekeeping gene selection 

To normalize the real time RT-PCR data for quantitative calcu- 
lations, an appropriate housekeeping gene (HKG) unaffected by the 



experimental conditions (culture stimulation) was required. In or- 
der to assess candidate HKGs, levels of 18S rRNA, glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH), and beta actin were measured 
in both unstimulated and stimulated aliquots in a subset of the 
samples (N = 6; tuberculosis positive = 4, tuberculosis 
negative = 2). Levels of GAPDH and beta actin were measured using 
previously developed and validated elephant specific assays [16]. 
Levels of 18S rRNA were measured using a commercially available 
assay (Taqman® Pre-Developed Assay Reagents - Human 18S 
rRNA; Applied Biosystems) according to manufacturers' guidelines. 
Differences in Ct values between the unstimulated and stimulated 
aliquots for each sample were calculated for each candidate HKG. 
The HKG with the lowest differences between unstimulated and 
stimulated aliquots represented the candidate least influenced by 
culture stimulation; this HKG was then used for subsequent 
normalization of the elephant cytokine real time RT-PCR data. 

2.4.4. Data analysis 

Relative quantification of cytokine mRNA amplification was 
determined using the Pfaffl Method [36]. Replicate threshold 
amplification (Ct) values for each sample were averaged. For each 
sample, values obtained from unstimulated cultures served as 
calibration controls. In cases where the Pfaffl method could not be 
employed to calculate fold difference in mRNA levels due to lack of 
cytokine amplification in the unstimulated sample aliquot, 
normalized cytokine Ct values (cytokine average Ct - HKG average 
Ct) were examined instead. Differences in calculated values be- 
tween positive and negative samples were evaluated for statistical 
significance with Mann-Whitney U tests. 

3. Results 

3 A. Animal demographic information and tuberculosis status 

Study animal demographic information and tuberculosis status 
are summarized in Table 2. The mean age for the positive animals 
was 41 years (range 29-60); the mean age for the negative animals 
was 34.5 years (12-45). All elephants were female with exception 
of a single male (bull) elephant in the positive group. Based on the 
most recent annual test results, four of the tuberculosis positive 
animals were M. tuberculosis culture positive; the remaining four 
were seropositive on both tests but culture negative at the time of 
sample collection. Intervals between the last positive trunk wash 
culture and/or serologic testing and sampling for PBMC culture are 
presented in Table 2. At the time of sampling, Animal 3 had been 
under treatment (isoniazid and pyrazinamide) for approximately 1 
year. Animal 2 had initiated treatment (rifampin and enrofloxacin) 
approximately 2 months prior to sampling. The remaining six 
positive animals had not received any anti-tuberculosis medica- 
tions. All negative animals were culture negative, non-reactive on 
the most recent Elephant TB STAT-PAK®, and lacked history of 
exposure to any known positive elephants. The MAPIA test was not 
done in the negative elephants, because this assay is used as a 



Table 1 

Newly developed, Asian elephant-specific interferon (IFN)-y and interleukin (IL)-12 real time RT-PCR assays. 



Primers* 



Probe 



Efficiency 1 



Sensitivity* 



IL-12 
IFN-y 



F: ATGCAAAGCTTTTGATGGACC 
R: AAATTCAGGGCCTGCAT 
F: GGAATATCTTAATGCAACTGATTCA 
R: CCTGGTTGTCTTTCAAGTTGTCAA 



ACATGTTGGCAGCTAT 
GAAGAACTGGAAAGAGGAG 



96% 
97% 



34.4 

3 



* All primer/probe sequences are listed 5' to 3'. F = forward primer; R = reverse primer. 
f Efficiency is calculated as \o^^°P e ) _ 1. 

§ Sensitivity represents the minimal detectable number of dsDNA copies within 10 (il of sample (copy number = [ng DNA * 6.022 x 10 23 ]/[ length (bps) * 1 x 10 9 ng/g * 650 g/ 
mole of bps]). DNA concentration was determined via spectrophotometry. 
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Table 2 

Asian elephant demographic information and tuberculosis status. 



Sample 


Sex 


Age (years) 


Culture* 


CT AT n A XS"\ 

S1A1-PAK 1 


A /I A 1~IT A § 

MAPI A 


Testing interval (months)** 


Concurrent conditions 


1 


F 


37 


+ 


+ 


+ 


3 


SA 


2 


F 


40 


+ 


+ 


+ 


4 


None 


3 


F 


60 


+ 


+ 


+ 


<1 


OA 1 ; SA 


4 


F 


41 


+ 




Inconclusive 


12 


None 


5 


M 


29 


_ 


■ 


+ 


4 


OA; SA 


6 


F 


35 


_ 


+ 


+ 


<1 


OA; SA 


7 


F 


44 




+ 


+ 


6 


OA; SA 


8 


F 


44 




+ 


+ 


4 


OA 


9 


F 


12 






NA 


6 


None 


10 


F 


22 






NA 


6 


None 


11 


F 


38 






NA 


6 


None 


12 


F 


38 






NA 


7 


OA 


13 


F 


40 






NA 


8 


OA; SA 


14 


F 


40 






NA 


8 


OA; SA 


15 


F 


41 






NA 


6 


None 


16 


F 


45 






NA 


7 


OA; SA 



* Mycobacterial culture of trunk wash sample. 
] Elephant TB STAT-PAK® serologic test. 

§ Multiple antigen print immunoassay. 

** Time in months between last positive trunk wash culture and/or serologic testing and sampling for PBMC culture. 

* SA = pedal sole abscess. 
1 OA = osteoarthritis. 



confirmatory test for animals that have Elephant TB STAT-PAK® 
positive results. In addition to demographics and tuberculosis sta- 
tus, general information regarding the presence of common chronic 
inflammatory conditions was obtained for each of the study ani- 
mals. In six of the positive animals and four of the negative animals, 
chronic inflammatory conditions (osteoarthritis and/or pedal sole 
abscesses, specifically) were reported. In all cases, these conditions 
were considered clinically mild. 

3.2. Isolation ofPBMCs 

Elephant PBMCs isolated via density gradient centrifugation had 
greater than 98% viability for all samples. Cytologically, smears 
from all samples had similar proportions of monocytes and lym- 
phocytes. The average lymphocyte to monocyte ratio for the 
negative samples was 1.1999 ± 0.253 and was 1.2391 ± 0.324 for 
the positive samples. No significant difference was detected in the 
lymphocyte to monocyte ratio between the two groups using a 
student's t test (p = 0.789). 



and 18S rRNA were measured in the subset of 6 samples. No sta- 
tistically significant differences were detected between the 3 
evaluated HKGs using paired t tests. Examination of raw data did 
show that 18S rRNA had the lowest average differences between 
unstimulated and stimulated aliquots for all stimulants (Table 3). 
These findings suggested 18S rRNA was the HKG least influenced by 
culture stimulation, and thus it was consequently utilized for 
normalization of the elephant cytokine real time RT-PCR data. 

For all samples and all cytokines, ConA stimulation resulted in 
increased cytokine levels as compared with levels in unstimulated 
aliquots, confirming the use of this mitogen as a positive control for 
stimulation of cytokine mRNA expression in elephant PBMC cul- 
tures. Differences in cytokine fold difference values (TNF-oc, IL-12, 
TGF-P) between the positive and negative groups following ConA 
stimulation, however, were not statistically significant. Following 
PPD-B stimulation, fold difference values for both TNF-oc and IL-12 
were higher in the positive group, and differences between the 
positive and negative groups were statistically significant 
(a = 0.025). Similar results were seen for TNF-oc and IL-12 with CFP- 



3.3. Proliferation assays 

Proliferation, as quantified by BrdU incorporation, was present 
in ConA stimulated aliquots for all samples confirming viability in 
culture (Figure 1). Trends towards greater proliferation were noted 
in the positive group for all stimulants (Figure 1). Significant dif- 
ferences in stimulation indices between the positive and negative 
groups as indicated by Mann- Whitney U test results were present 
for ConA (a = 0.025) and PPD-B (a = 0.005). 

3.4. Quantification of cytokine expression 

For all assays, amplification of exogenous internal positive 
control DNA confirmed PCR amplification. Diluted elephant PCR 
product standards amplified as expected for all cytokines ensuring 
consistent assay efficiency and minimal interassay variation. Levels 
of IL-12, TNF-oc, and TGF-p were measurable in unstimulated and 
stimulated culture aliquots for all samples. Interferon-y was below 
the level of detection in unstimulated culture aliquots for the ma- 
jority (13/16) of samples. 

To facilitate selection of an appropriate housekeeping gene for 
normalization of real time PCR data, levels of GAPDH, beta actin, 



18 




PPD-B CFP-10 PPD-A 



Stimulant 

Figure 1. Graph depicts proliferative response as measured by stimulation index of 
Asian elephant PBMCs following stimulation in culture. Positive samples were from 
animals with positive trunk wash mycobacterial culture and/or seropositivity with 
both the Elephant TB STAT-PAK® and MAPIA tests. ConA = concanavalin A; PPD- 
B = Mycobacterium bovis purified protein derivative; CFP-10 = M. tuberculosis culture 
filtrate protein 10; PPD-A = M. avium purified protein derivative. Asterisks denote 
stimulants for which stimulation indices were significantly different between positive 
and negative groups (ConA a = 0.025; PPD-B a = 0.005). 
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Table 3 

Determination of appropriate housekeeping gene for normalization of Asian 
elephant PBMC culture real time PCR data. 



HKG* 


Ct Unstimulated 


^unstimulated 


^unstimulated 


^unstimulated 




- CtconA 


- Ctppo-B 


- CtcFP-10 


- Ct PPD _A 


GAPDH 


2.24 


1.69 


1.70 


1.50 


Beta actin 


2.30 


1.81 


1.34 


1.77 


18S rRNA 


1.60 


1.13 


1.28 


1.17 



* Housekeeping gene. 

f Threshold amplification value as determined by real time RT-PCR. 
§ Glyceraldehyde 3-phosphate dehydrogenase. 

10 stimulation (a = 0.025; Figures 2 and 3). No statistically signif- 
icant difference in TNF-oc levels between the two groups was 
detected following PPD-A stimulation. In the case of IL-12, however, 
PPD-A stimulation did result in a significant difference between the 
two groups (a = 0.025). Significant differences in TGF-p levels be- 
tween the positive and negative groups were not present with any 
of the tested mycobacterial antigens. 

For the IFN-y data, lack of amplification in the majority of 
unstimulated sample aliquots precluded conventional calculation 
of fold difference using the Pfaffl method. Alternatively, normalized 
cytokine Ct values (cytokine average Ct - HKG average Ct) were 
determined for each of the culture stimulants and compared be- 
tween the two groups. Following ConA, PPD-B and CFP-10 stimu- 
lation, IFN-y normalized Ct values were, on average, lower in the 
positive group (lower normalized Ct values correlate with higher 
mRNA levels within samples), and differences between the positive 
and negative groups were statistically significant (ConA and PPD-B, 
a = 0.025; CFP-10, a = 0.005; Figure 4). No statistically significant 
difference in IFN-y normalized Ct values following PPD-A stimu- 
lation was detected between the two groups. 

Comparison of positive elephants that were culture positive vs. 
seropositive on both the Elephant TB STAT-PAK® and MAPIA 
demonstrated additional stratification of the above findings. Spe- 
cifically, following both PPD-B and CFP-10 stimulation, highest IL- 
12 fold difference values were noted for the culture positive sam- 
ples with values for the seropositive samples intermediate between 
culture positive and negative samples (Figure 5(a)). For IFN-y, 
similar trends were apparent with seropositive samples exhibiting 
intermediate values (Figure 5(b)). These results were not analyzed 
statistically due to diminished sample size created by separation of 
the positive group into culture positive and seropositive subgroups. 
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Figure 2. Graph depicts tumor necrosis factor-a levels as measured by mRNA fold 
difference of Asian elephant PBMCs following stimulation in culture. Positive samples 
were from animals with positive trunk wash mycobacterial culture and/or seroposi- 
tivity with both the Elephant TB STAT-PAK® and MAPIA tests. PPD-B = Mycobacterium 
bovis purified protein derivative; CFP-10 = M. tuberculosis culture filtrate protein 10; 
PPD-A = M. avium purified protein derivative. Asterisks denote stimulants for which 
fold difference values were significantly different between positive and negative 
groups (a = 0.025). 



aJ 15 

I 



2 
o 



♦ NEGATIVE 

POSITIVE 
-MEAN VALUES 



\u t? +■ I' 



ConA 



PPD-B CFP-10 

Stimulant 



Figure 3. Graph depicts interleukin-12 levels as measured by mRNA fold difference of 
Asian elephant PBMCs following stimulation in culture. Positive samples were from 
animals with positive trunk wash mycobacterial culture and/or seropositivity with 
both the Elephant TB STAT-PAK® and MAPIA tests. ConA = concanavalin A; PPD- 
B = Mycobacterium bovis purified protein derivative; CFP-10 = M. tuberculosis culture 
filtrate protein 10; PPD-A = M. avium purified protein derivative. Asterisks denote 
stimulants for which fold difference values were significantly different between pos- 
itive and negative groups (a = 0.025). 



4. Discussion 

The findings of this study suggest that differences in immune 
cell function do exist between tuberculosis positive and negative 
elephants. Though additional studies with larger numbers of 
samples would be ideal for confirmation, results presented here 
provide evidence for host immune system contribution in the 
pathogenesis of elephant tuberculosis. Specifically, proliferative 
responses and expression of TNF-oc, IL-12, and possibly IFN-y in 
response to stimulation with PPD-B and CFP-10 were, on the whole, 
different between tuberculosis positive and negative individuals. 
Differences in measured immune responses between the two 
groups could have been direct manifestations of infection. Alter- 
natively, noted differences may represent functional aberrations in 
the positive group that could have contributed to susceptibility. In 
either case, results suggested these parameters may influence 
tuberculosis immunopathogenesis in this species, and in future 
studies, could prove to be useful diagnostic markers. 

The antigens, PPD-B, CFP-10, and PPD-A, utilized in this study 
were all protein antigens. Accordingly, generation of measured 
responses in the elephant PBMC samples required uptake, pro- 
cessing and presentation of antigens by antigen presenting cells 
(monocytes/macrophages) followed by subsequent recognition by 
antigen specific T lymphocytes (both of which were components of 
the elephant PBMC cultures). The positive control, ConA, a 
nonspecific and direct T lymphocyte mitogen, provided for antigen- 
independent stimulation to confirm sample viability. Activation of 
T lymphocytes afforded directly by ConA stimulation or as a result 
of antigen recognition by specific T lymphocyte subsets led to 
proliferation mediated in an autocrine fashion primarily by IL-2. 
Activated T lymphocytes were also the source of IFN-y expres- 
sion. Expression of IL-12 originated from activated monocytes/ 
macrophages. Monocyte/macrophage activation could have been 
facilitated by innate mechanisms (i.e. direct antigen contact and 
phagocytosis) and/or adaptive, cell-mediated mechanisms 
involving T lymphocyte elaboration of IFN-y. Both activated T 
lymphocytes and monocytes/macrophages in study samples could 
have been sources for TNF-oc and TGF-P expression [21,24,37]. To 
function as a "broad spectrum" antigen and ensure robust re- 
sponses by the elephant PBMCs, this study employed PPD-B, a 
complex antigen containing multiple M. tuberculosis complex 
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Figure 4. Graph depicts IFN-y levels, represented by normalized average Ct values, of 
Asian elephant PBMCs following stimulation in culture. Positive samples were from 
animals with positive trunk wash mycobacterial culture and/or seropositivity with 
both the Elephant TB STAT-PAK® and MAPIA tests. ConA = concanavalin A; PPD- 
B = Mycobacterium bovis purified protein derivative; CFP-10 = M. tuberculosis culture 
filtrate protein 10; PPD-A = M. avium purified protein derivative. Asterisks denote 
stimulants for which normalized Ct values were significantly different between posi- 
tive and negative groups (ConA and PPD-B a = 0.025; CFP-10 a = 0.005). 



derived proteins, for stimulation in addition to CFP-10. Though 
culture of positive elephants yielded M. tuberculosis (and not 
M bovis), genomic similarity between M bovis and M. tuberculosis 
and homology among protein antigens of all M. tuberculosis com- 
plex organisms indicated that stimulation with PPD derived from 
either organism would be expected to produce comparable effects 
[38-40]. 

Both PPD-B and CFP-10 stimulation resulted in higher levels of 
TNF-oc mRNA in positive samples, and differences in levels between 
the positive and negative groups were statistically significant 
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Figure 5. Graphs depict IL-12 (a) and IFN-y (b) levels in Asian elephant PBMCs 
following stimulation in culture. Positive samples were from animals with positive 
trunk wash mycobacterial culture; seropositive animals were culture negative but 
reactive on both the Elephant TB STAT-PAK® and MAPIA tests. PPD-B = Mycobacterium 
bovis purified protein derivative; CFP-10 = M. tuberculosis culture filtrate protein 10. 



(Figure 2). These results were in accordance with a previous study 
comparing baseline cytokine mRNA levels in unstimulated whole 
blood samples from tuberculosis seropositive and seronegative 
elephants [15]. Findings of the current study indicate that mitogen/ 
antigen stimulation is effective at inducing TNF-oc expression in 
elephant PBMC cultures, and that samples from tuberculosis posi- 
tive animals produce higher levels of TNF-oc mRNA. In human 
studies that have evaluated systemic TNF-oc levels, both increased 
and decreased levels have been documented following mycobac- 
terial antigen stimulation of PBMCs from patients as compared 
with healthy controls [23,27,29,31,41]. With mycobacterial infec- 
tion, the contribution of TNF-oc to local immunity is well- 
established [42,43]. The significance of this cytokine in the sys- 
temic immune response to mycobacterial infection is less well 
understood. Tumor necrosis factor-oc participates in mediation of 
the systemic inflammatory acute phase response. This response is 
considered nonspecific and may be initiated by a variety of insults. 
In addition, a prolonged acute phase response may be detrimental 
to the host [37]. 

Elevated systemic TNF-oc levels in tuberculosis positive ele- 
phants could be a nonspecific component of systemic inflammation 
associated with infection, or alternatively, the manifestation of a 
Mycobacterium spp. specific prolonged acute phase response. In 
either case, tuberculosis positive as compared to tuberculosis 
negative elephants appeared to exhibit exaggerated TNF-oc 
expression in response to mycobacterial antigen stimulation. Lack 
of differences in TNF-oc levels between the groups with ConA 
stimulation indicated results could not be attributed to nonspecific 
hyper-reactivity in the positive group. In addition, there was no 
difference in TNF-oc expression between samples from positive or 
negative elephants in response to nontuberculous mycobacterial 
antigen (PPD-A) providing evidence that the response noted to CFP- 
10 and PPD-B was specific to M. tuberculosis complex antigens. 
Though differences in systemic TNF-oc levels between positive and 
negative elephants seem compelling, TNF-oc is first and foremost a 
nonspecific mediator of the innate immune response. Overall 
health and/or any concurrent disease have the potential to influ- 
ence TNF-oc levels in both positive and negative elephants [15]. 
Consideration of such information would be essential for accurate 
interpretation of TNF-oc levels for the purpose of tuberculosis 
diagnosis or treatment monitoring in elephants. In the study ani- 
mals, no definitive correlation between TNF-oc levels and presence 
of chronic osteoarthritis or sole abscesses could be demonstrated, 
given the overall low number of unaffected animals (N = 2 in the 
positive group and N = 4 in the negative group). 

Following both PPD-B and CFP-10 stimulation, levels of IL-12 
mRNA were higher in positive samples, and differences in levels 
between the positive and negative groups were statistically sig- 
nificant (Figure 3). Interleukin-12 is produced by activated macro- 
phages/monocytes and B lymphocytes and results in the 
differentiation of naive T lymphocytes into ThI cells as well as ThI 
cell production of IFN-y. Interferon-y produced by mature T H 1 cells 
then activates macrophages/monocytes for additional IL-12 pro- 
duction. Asian elephants normally possess high numbers of pe- 
ripheral blood circulating monocytes [7]. The presence of increased 
numbers of activated macrophages/monocytes in the positive 
samples could have led to increased IL-12 expression via an innate 
or non-M tuberculosis antigen-specific mechanism following 
stimulation. Examination of direct whole blood smears revealed 
similar proportions of lymphocytes and monocytes in both positive 
and negative samples indicating differences between the two 
groups could not be attributed to discrepancies in absolute cell 
numbers. Greater expression of IL-12 in samples from tuberculosis 
positive elephants was also not limited to stimulation with 
M. tuberculosis specific antigens. Stimulation of samples from 
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positive elephants with PPD-A, a nontuberculous mycobacterial 
antigen, produced increased IL-12 in comparison with levels in 
samples from negative elephants. These findings provided evidence 
for contribution of a non-M. tuberculosis antigen-specific response 
to overall results. However, lack of differences in IL-12 levels be- 
tween the groups with ConA stimulation indicated above results 
could not be attributed to nonspecific hyper-reactivity in the pos- 
itive group. Noted IL-12 expression in samples from positive ele- 
phants appeared to be a result of mycobacterial antigen 
stimulation, although not exclusively specific to M. tuberculosis 
antigens. Altogether findings suggested differences in IL-12 mRNA 
levels between the positive and negative groups were likely sec- 
ondary to both antigen-specific and innate/nonspecific responses 
to stimulation. 

Findings of elevated IL-12 mRNA levels in positive samples were 
contrary to the trend reported in previous human studies where IL- 
12 levels in samples from healthy controls were higher than levels 
from patients [30,44-47]. In humans, decreased production of IL- 
12, a key T H 1 cytokine, is a manifestation of the inadequate sys- 
temic immune response associated with active tuberculosis sus- 
ceptibility [44-46,48]. Findings in this study indicate tuberculosis 
positive elephants express IL-12 following stimulation with 
mycobacterial antigens suggesting aberrations in IL-12 levels alone 
are not responsible for susceptibility in this species. 

In the current study, IFN-y mRNA could not be detected in the 
majority of unstimulated sample aliquots. Similar findings were 
noted in the previous study comparing baseline cytokine mRNA 
levels in unstimulated whole blood samples from tuberculosis 
seropositive and seronegative elephants [15]. In the current study, 
levels of IFN-y mRNA in most unstimulated sample aliquots were 
below the threshold of detection despite use of a new assay with 
enhanced sensitivity. These findings suggested that baseline sys- 
temic levels of IFN-y mRNA in Asian elephants are normally very 
low. Inability to measure IFN-y levels in the unstimulated sample 
aliquots precluded conventional calculation of fold difference using 
the Pfaffl method. Alternatively, normalized cytokine Ct values 
were determined for each of the culture stimulants and compared 
between the two groups. Comparison of IFN-y normalized, raw Ct 
values from PPD-B and CFP-10 stimulated sample aliquots revealed 
significant differences between positive and negative groups. 
Values of IFN-y were lower in the positive samples (Figure 4). 
Because lower normalized Ct values correlate with higher mRNA 
levels within samples, results indicated increased IFN-y expression 
was present in the positive elephant samples. 

Many human studies have documented lower IFN-y levels in 
stimulated samples from patients as compared with healthy con- 
trols [19,30,31,33,49,50]. Fewer human studies have found higher 
levels of IFN-y in patients than controls [29,30]. Presumably, this 
discrepancy among human studies is a consequence of duration of 
infection at the time of cytokine evaluation. In both susceptible and 
resistant humans, the initial immune response following infection 
is characterized by T H 1 domination that includes elevated IFN-y 
levels. In the resistant individuals, this response is persistent and 
prevents active disease. In fact, human IFN-y-release assays (i.e. 
QuantiFERON® GOLD) used for the diagnosis of latent tuberculosis 
rely on detection of this appropriate ThI immune response. In 
susceptible individuals, however, initial robust T H 1 responses 
dwindle resulting in relative Th2 dominance and disease progres- 
sion [21,22,24,51,52]. It is likely that disease stage similarly affects 
the elephant immune response to tuberculosis. 

As an alternative to measuring cytokine protein levels directly, 
this study relied on detection of cytokine mRNA expression via real 
time RT-PCR. Protein based detection systems, such as ELISA, are 
useful for cytokine assessment in humans and many domestic spe- 
cies but require species-specific reagents (antibodies) that are 



typically not commercially available for most exotic species. As a 
mRNA based detection system, real time RT-PCR does not require 
species-specific reagents facilitating its application in any species for 
which sequence information is available. Because production of 
many cytokines is primarily transcriptionally regulated, the level of 
cytokine mRNA present in a sample typically serves as a good esti- 
mate of the level of cytokine protein present [53]. Though there is 
variation among cytokines, previous studies have shown good cor- 
relation between cytokine protein levels and mRNA expression in 
samples [54,55]. Based on this information, cytokine mRNA levels in 
the elephant samples were presumed to approximate actual protein 
levels. However, future studies directly measuring cytokine protein 
levels in elephant samples will be required for confirmation. 

In elephants, mycobacterial infection is a chronic, subclinical 
disease that typically only manifests in aged and/or otherwise 
stressed individuals [2,3,7]. The nature of the disease in elephants 
and limitations of current elephant tuberculosis diagnostics impair 
accurate identification of disease stage in this species [1,8-11]. 
Consequently, parallels to human tuberculosis immunopatho- 
genesis reliant upon clinical manifestations of disease alone are 
difficult to extrapolate to elephants. Currently, elephants with 
positive trunk wash mycobacterial culture are considered to have 
"active" disease, regardless of presence or absence of clinical signs. 
Culture negative, seropositive animals have been categorized as 
"latently" infected by some researchers and clinicians though val- 
idity of such a designation with correlation to human latent disease 
has not been proven. In the current study, division of the positive 
group into culture positive ("active") and culture negative, sero- 
positive ("latent") subgroups revealed distinct and more pro- 
nounced trends in IL-12 and, to a lesser extent, IFN-y levels 
(Figure 5(a) and (b)). For IL-12, no overlap existed between fold 
difference values of the four culture positive samples and the 
negative samples following both PPD-B and CFP-10 stimulation. 
With PPD-B stimulation, fold difference values for the culture 
positive samples were among the highest of all samples, and three 
of the four were 2-3 times higher than any of the culture negative, 
seropositive samples. For IFN-y, similar though less pronounced 
trends were apparent. 

Stimulation of elephant PBMCs with mycobacterial antigen did 
not result in significant expression or suppression of TGF-P, and no 
difference in TGF-p levels were detected between the positive and 
negative groups. Results suggest TGF-P may not be an integral 
component of the elephant systemic immune response to tuber- 
culosis. Alternatively, expression may be disease stage dependent. 
More potent stimuli, potentially associated with an advanced dis- 
ease course, may be required to affect production of this cytokine. 

Significant differences in proliferative responses between the 
two groups were apparent following stimulation with both ConA 
and PPD-B. Stimulation resulted in greater proliferation of positive 
samples. Though differences in proliferative responses following 
ConA stimulation suggested some degree of nonspecific, hyper- 
reactivity may have been present in the positive group, Mann- 
Whitney U analysis of results showed the calculated U value for 
ConA (12) was much higher than the calculated U value for PPD-B 
(0). These results suggested responses following PPD-B stimula- 
tion were not due solely to nonspecific hyper-reactivity in the 
positive samples. Additionally, no significant difference between 
the groups was noted following PPD-A stimulation suggesting the 
proliferative response with PPD-B stimulation was specific. In 
humans with manifestations of advanced tuberculosis-related 
disease or general immune compromise, evaluation of systemic 
cytokine levels, specifically IFN-y, has been shown to have dimin- 
ished diagnostic sensitivity [56]. In such cases, evaluation of addi- 
tional parameters may be necessary for reliable diagnosis. Elephant 
study results indicate lymphocyte proliferative response may be 
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another valuable parameter to evaluate in cases of confirmed or 
suspected elephant tuberculosis. Further studies, potentially 
employing new methodologies (i.e. Flow-cytometric Assay for 
Specific Cell-mediated Immune-response in Activated whole blood 
[FASCIA]) could be useful to better define elephant PBMC prolifer- 
ative responses with tuberculosis and aid in discrimination be- 
tween recent infection, active disease, latent disease, and 
immunological memory of previous exposure [57]. 

The findings of this study add to the foundation of knowledge on 
elephant tuberculosis immunopathogenesis. In addition, these re- 
sults provide validation of PBMC culture techniques for use in 
evaluation of elephant immune responses. Documentation of dif- 
ferences in functional responses of PBMCs between tuberculosis 
positive and negative elephants represents the first step towards 
not only obtaining a better understanding of immunopathogenesis 
of this disease but also development of new and valuable diagnostic 
and treatment monitoring options. Measurement of cell-mediated 
immune responses evidenced by cytokine production of PBMCs 
following mycobacterial antigen stimulation is the mechanism 
behind current human first line tuberculosis screening tests (i.e. 
QuantiFERON® GOLD). These tests are preferred over traditional 
tuberculin skin tests for screening in humans due to their high- 
sensitivity and availability of rapid results [58]. A similar test 
developed for use in elephants could be invaluable for facilitating 
early diagnosis based on measurement of a cell-mediated immune 
response, confirming serodiagnostic results, and providing an 
additional tool for prospective treatment monitoring. Such inno- 
vative and directed research will be the key to elucidating elephant 
tuberculosis susceptibility for the long-term conservation of this 
charismatic and endangered species. 
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